This study is a first step in the development of multilocus sequence typing (MLST) method for Listeria monocytogenes. Nine housekeeping genes were analyzed in a set of 62 strains isolated from different sources and geographic locations in Spain. These strains were previously characterized by pulsed-field gel electrophoresis (PFGE). Because of low diversity, two loci were discarded from the study. The sequence analysis of the seven remaining genes showed 29 different allelic combinations, with 22 of them represented by only one strain. The results of this sequence analysis were generally consistent with those of PFGE. Because MLST allows the easy comparison and exchange of results obtained in different laboratories, the future application of this new molecular method could be a useful tool for the listeriosis surveillance systems that will allow the identification and distribution of analysis of L. monocytogenes clones in the environment.
Listeria monocytogenes is an opportunistic pathogen widely distributed in the environment. The ubiquity of this microorganism makes especially necessary the use of typing methods for the study of its epidemiology. Numerous molecular methods have been applied to the characterization of L. monocytogenes isolates, e.g., multilocus enzyme electrophoresis (MLEE) (1), pulsed-field gel electrophoresis (PFGE) (2, 29) , random amplified polymorphic differences (19) , and ribotyping (30) , etc. By these methods the species is divided into two genetic divisions which are correlated with the flagellar antigen groups division I, composed of strains of serotypes 1/2a and 1/2c, and division II, which is composed of strains of serotypes 1/2b and 4b. Both divisions are characterized by nonoverlapping allelic variants of different genetic markers, suggesting strong linkage disequilibrium and an apparent lack of gene exchange between them (15) . This is consistent with the hypothesis that the genetic structure of L. monocytogenes populations is basically clonal (21) . Recently, an additional division has been proposed based on the variability of the sequence of several genes involved in virulence (22) .
MLEE has been the most widely used molecular method to study the genetic structure and epidemiology of pathogenic bacterial species. Recently, a novel molecular typing method based on the principles of MLEE (25) has been developed, multilocus sequence typing (MLST). This technique was primarily designed and validated for Neisseria meningitidis (17) . Afterwards, it was successful in the characterization of several other pathogenic bacteria, such as Streptococcus pneumoniae (5) , Streptococcus pyogenes (8) , Staphylococcus aureus (7), and Campylobacter jejuni (4) .
MLST makes use of automated DNA sequencing to characterize the alleles present at different housekeeping genes.
Because it is based on nucleotide sequence, it is highly discriminatory and provides unambiguous results that are directly comparable among laboratories via the internet (7). In addition, this method is particularly suited to global epidemiology studies because the accumulation of nucleotide changes in housekeeping genes is a relatively slow process and allelic profiles are stable over time (6) .
Epidemiological research requires systems that make easy the comparison and exchange of results obtained in different laboratories. The most important advantage of MLST over the typing methods based on comparisons of DNA fragments is the unambiguity and electronic portability of nucleotide sequence data (17) , which allow a readily comparison of results among laboratories.
In this study we describe a first step for developing the MLST method for L. monocytogenes. The sequence diversity of nine housekeeping genes, possible candidates to be included in a future MLST scheme, has been analyzed.
MATERIALS AND METHODS
Bacterial strains. A total of 62 strains of L. monocytogenes were used in this study. Thirty-one were isolated from human cases of listeriosis, 12 were isolated from animal clinical sources, and 19 were isolated from food. The strains were isolated in different regions across Spain over the period from 1995 to 2001 without an evident epidemiological link among them. Serotyping was done according the method previously described (24) . The three most frequent serotypes among the clinical isolates of L. monocytogenes were represented: 1/2a (12 strains), 1/2b (10 strains), and 4b (40 strains).
Our laboratory uses PFGE to characterize the isolates sent by hospitals and other public health laboratories. The agarose blocks are prepared by following a method previously described by Graves and Swaminathan (12) . Chromosomal DNA is digested with ApaI (Pharmacia), and the restricted fragments are separated at 200 V with pulse times from 0.1 to 25 s over 21 h on a CHEF DR-III PFGE system (Bio-Rad, Hemel Hempstead, United Kingdom).
Isolates with different PFGE patterns were chosen for the sequence analysis of housekeeping genes. Of those PFGE patterns more frequently found, several isolates were selected.
Amplification and nucleotide sequencing. The following 9 housekeeping genes were chosen to be analyzed: ABC transporter (abcZ), D-amino acid aminotransferase (dat), L-lactate dehydrogenase (ldh), superoxide dismutase (sod), catalase (cat), succinyl diaminopimelate dessucinylase (dapE), phosphoglucomutase (pgm), beta-glucosidase (bglA), and histidine kinase (lhkA). The DNA sequences of these candidate loci were available from GenBank. Some of these genes (cat, ldh, sod, and pgm) have been previously included in the MLEE system, and their genetic diversity in this species is known.
To identify the most polymorphic regions within each locus, several internal fragments were analyzed in 10 L. monocytogenes strains not related by PFGE (27) . Those fragments showing the highest number of alleles were chosen for the analysis. The most variable ones were selected to be analyzed for the remaining isolates. DNAStar (Madison, Wis.) was used to design the primers for the amplification and sequencing of the selected fragments (Table 1) .
Bacterial cell lysates were obtained by sonication (10 min) followed by centrifugation for 5 min. The PCR conditions were initial denaturation at 94°C for 4 min followed by 25 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s (except for pgm and bglA, which had an annealing temperature of 45°C), and extension at 72°C for 2 min followed by a final extension step of 72°C for 10 min. The DNA fragments were purified by using a PCR purification kit (Qiagen) and were sequenced in each direction with Big Dye fluorescent terminators (PE Applied Biosystems) on an Applied Biosystems Prism 377 automated sequencer.
Data analysis. The analysis of sequences obtained for each gene fragment was performed with the DNAStar program. For each fragment, the sequences obtained from the 62 strains were compared and allele numbers were assigned to each unique sequence. Each isolate was defined by the combination of numbers corresponding to the alleles at the loci analyzed, which is an allele profile or sequence type (ST). Sequences different even at a single nucleotide site were considered distinct alleles.
A dendrogram displaying the genetic linkage distance between each ST was constructed from the matrix of pairwise differences among the allelic profiles by the unweighted pair group cluster method with arithmetic mean (Fig. 1 ). This data analysis was performed by using the START software (http://www.mlst.net). The index of association (I A ) (18) was used to test for linkage disequilibrium among alleles at the housekeeping loci. The significance of the I A was calculated by using the program at the MLST website (http://www.mlst.net).
Nucleotide sequence accession numbers. The nucleotide sequences of each allele at the nine loci analyzed in the present work have been assigned the following GenBank accession numbers: AY 158265 to AY 158276 (abcZ), AY 158286 to AY158295 (bglA), AY158249 to AY 158264 (cat), AY 158303 to AY 158316 (dapE), AY158277 to AY 158284 (dat), AY 160115 to AY 160122 (ldh), AY 158296 to AY 158302 (lhkA), AY 158322 to AY 158326 (pgm), and AY 158317 to AY158321 (sod).
RESULTS
Diversity of the housekeeping genes analyzed. The length of the analyzed fragments ranged between 354 bp (ldh) and 552 bp (abcZ) ( Table 2) .
The sequence diversity found in these fragments was quite heterogeneous. The loci sod and pgm showed the lowest sequence diversity. So after the analysis of 40 strains, only one allele was found among the strains of serotypes 4b and 1/2b. Those genes were finally discarded due to a low contribution to the discrimination degree of this method. The locus with the highest diversity was cat with 16 alleles.
The proportion of variable sites present in the alleles ranged from 2.9% (sod) to 12.4% (dat). Ratios of nonsynonymous (dN) to synonymous (dS) changes derived from pairwise sequence comparison were much less than 1 for all studied loci ( Table 2) .
Relationship of L. monocytogenes isolates by sequence analysis of housekeeping loci. A total of 29 allelic profiles or STs were identified, and 22 of these (75.8%) were represented by only one strain. The most common STs were ST6 and ST2, which grouped together 14 and 10 isolates, respectively (Table  3) .
Those isolates that shared five or more loci in the allelic profile were considered members of the same clonal complex (9) . The clonal complex that contained the largest number of isolates (17 isolates of serotype 4b) was the ST6 complex, which included ST6 (as the prevalent ST) and three other allelic profiles (ST7, ST8, and ST9) represented by a single isolate that differed from it at only one or two loci (Fig. 1) . This lineage included 11 of the 21 serotype 4b human isolates studied.
Significant linkage disequilibrium was detected when a complete data set or STs were used in the analysis (I A , 2.195 [P Ͻ 0.01] and I A , 1.183 [P Ͻ 0.01], respectively). However, evidence for linkage equilibrium was found when the I A was calculated at the level of STs separately for the two genetic divisions (serotype 1/2a strains and serotype 1/2b and 4b strains). Values of I A obtained for these two divisions were 0.28 (P Ͼ 0.001) for division I and 0.34 (P Ͼ 0.001) for division II.
Relationship between allelic profiles and serotypes. The analysis of the housekeeping genes revealed that the sequences of serotype 1/2b and 4b isolates were more closely related to each other, or even identical, and showed significant divergence from the sequences of serotype 1/2a isolates. For all analyzed loci, alleles common to serotype 4b and 1/2b STs were found, whereas alleles present in serotype 1/2a STs were only found in this serotype (Table 3) .
Congruence between STs and PFGE fingerprints. The similarity of PFGE profiles among isolates belonging to same ST or to closely related STs was analyzed. Nevertheless, because both markers are based on very different principles, this comparison should be carefully interpreted.
We found a high number of different cases with STs composed of strains showing a unique PFGE profile (ST3 or ST29) and also STs consisting of isolates with different PFGE pat- terns (ST2, ST4, or ST6) (Table 3) . However, the consistency of the data between both methods was good in general, and the clustering of the strains was similar. Those STs defined as closely related (only one allele of difference) grouped together isolates with related or closely related PFGE pattern profiles (less than five band differences) (ST25 and ST26, or ST12, ST13, and ST18) (Fig. 1) . Only one isolate of ST2 showed a higher number of fragment differences. 
DISCUSSION
The present study was conceived as a first step in the develop of MLST for L. monocytogenes, with the first objective being the selection of a set of housekeeping genes that were suited according to the MLST requirements. To evaluate the sequence diversity of these loci, we considered it appropriate to use a genetically diverse group of strains. With this purpose, sequence analysis of the housekeeping genes was carried out in a group of isolates previously characterized by PFGE. These strains were isolated from different sources and geographic locations of Spain during recent years. Isolates representing different PFGE patterns were included in this MLST project.
Generally, a good congruence was found among groupings obtained by sequence analysis of housekeeping genes and those obtained by using PFGE. Thus, isolates that were identical by MLST showed the same PFGE profile or patterns that differed at 1 to 5 fragments (27) . We only found one exception: one isolate belonging to ST2 which showed greater differences with regard to other PFGE profiles associated with this ST. Similar patterns were also observed in those isolates that shared six of the seven alleles. The similarity was lower in those isolates that shared five of the seven loci.
Two isolates with the same allelic profile descending from a common ancestor might show PFGE profiles that are relatively different because PFGE is a highly discriminative method which is sensible to microvariation (17) . It is important to take into account that a single nucleotide change that supposes a gain or loss of a restriction site can cause even three fragment differences (27) , whereas MLST detects variation that accumulates slowly in housekeeping genes (26) .
The validity of this molecular method is also supported by the congruence of the genetic data with previous MLEE studies that suggest that the genetic structure of L. monocytogenes is basically clonal (21) . Thus, the value of the I A indicated a significant linkage disequilibrium among the alleles at each of the seven housekeeping loci (P Ͻ 0.01) (18) . However, no evidence for linkage was detected when the analysis was performed separately in division I (serotype 1/2a isolates) and (28) , and this factor might be involved in some of the differences found in this study. In addition, similarities in the genome sequence between serotype 4b and 1/2b isolates might explain a higher prevalence of homologous recombination between these strains. The extension of the analysis to a higher number of strains will offer information about the relative contribution of recombination and mutation to the allele variation found. In addition, the genetic relationships among different serotypes showed by this gene allelic analysis were also consistent with those previously established by MLEE, which divides L. monocytogenes into the two genetic divisions already mentioned. However, an additional division has been proposed after analysis of the sequence of genes associated with virulence (22) . Strains grouped in this third division consist of serotypes 4a and 4c, which were not included in our study. We think that those markers which are focused on housekeeping genes (MLEE) or random genetic characteristics (PFGE) are not able to distinguish more than two divisions, with the third division being evident when specific genes associated with virulence are analyzed. However, the future analysis by MLST of serotype 4a and 4c strains might confirm this hypothesis.
The utility of MLST and MLEE (25) for the analysis of the genetic structure of bacterial populations is mainly based on the characteristic of housekeeping genes to have a selectively neutral variability (9) . Analysis of synonymous and nonsynonymous changes in the allele sequences of a locus can be used to determine if it is subject to positive selection, so a dN/dS ratio of greater than 1 implies selection for amino acid changes (4). In our genetic analysis, the seven loci had dN/dS ratios significantly lower than 1 ( Table 2) . Another important characteristic in relation to this fact is that the location of loci on the chromosome was distant enough to make the joint horizontal transfer of two loci unlikely. Recently, the sequencing of the L. monocytogenes genome has been finished and published (11) , which has allowed us to know the chromosomal locations of the loci selected for this study. The analysis has revealed that all of these loci are unlinked on the chromosome, with the minimum distance being 41.3 kb.
Previous studies with the use of MLEE and other molecular methods (1, 3, 21) have revealed that despite the high diversity in natural populations of L. monocytogenes, only two clones have been responsible for most major outbreaks detected during the last decades in Europe and North America (10, 13, 14, 16, 23) . These results suggested the hypothesis that most of the clinical cases are caused by only a few clones that either are particularly common in the environment or have an unusually high level of pathogenicity (20, 21) . In this epidemiological context, MLST could be a useful tool for the surveillance systems for listeriosis that might allow the identification and analysis of the distribution of these L. monocytogenes clones in the environment. In fact, the isolates from ST2 and ST6 might be those strains belonging to the major clones, and the future running of a central database for the Listeria STs with the associated epidemiological data will allow us to confirm this and other questions.
The extension of the present analysis to a higher number of isolates could contribute to a better knowledge of the structure of the L. monocytogenes population. Besides, the future genetic analysis of other housekeeping loci with enough sequence diversity might improve the discrimination level of this new typing method.
